Optimization methods are used to study and survey the optimal values for input factors and effect of optimized parameters on response variables. In this study, the effect of different factors on ciprofloxacin (CIP) removal of water soluble was studied. In this regard, a multi-objective optimization was performed utilizing the Taguchi method based on a grey relational analysis. Optimum levels of factors were determined to optimize three responses simultaneously with grey Taguchi. Meanwhile, grey relational analysis was applied to model and optimize three target responses, namely, CIP removal, chemical oxygen demand (COD) removal, and sludge to iron ratio. Multi-objective optimization results obtained based on grey relational analysis showed that the optimal value of the input factors were CIP concentration of 100 mg/L, H 2 O 2 concentration of 100 mM, Fe(II) concentration of 10 mM, pH of 3, and a reaction time of 15 min. To confirm the results, the values obtained through a confirmation test were examined. Multi-objective optimization results from process factors were determined by analysis of variance (ANOVA) analysis and grey Taguchi method. Based on ANOVA analysis for the grey relational grade, Fe(II) concentration and H 2 O 2 concentration were found to be the most influencing factors.
INTRODUCTION
Global presence of pharmaceutical products in drinking water supplies and wastewater effluents has raised concerns regarding its potential effects on aquatic life, human health, and antibacterial resistance (Ludmilla et al. ; Haddad & Kümmerer ; Verlicchi & Zambello ) . With a limited number of sources of drinking water and increasing population growth, it is necessary to ensure that drinking water is available, abundant, and safe for future generations (Zhang et al. ) . Generally, pharmaceutical antibiotics can be highly hazardous to the environment and humans, if overused or misused. It is believed that a considerable proportion of antibiotics reach water and soil environments, since many antibiotics are not completely metabolized or eliminated in the body (Watkinson et al. ; Cho et al. ) .
Ciprofloxacin (CIP) is a broad-spectrum fluoroquinolone (FQs) antimicrobial antibiotic and can be used for both human and animal illnesses. These compounds have a low environmental degradation and a toxic effect on environmental bacteria has been recorded (Vasconcelos et al. ) . This statement implies that there is a high risk for exposed environmental compartments, making it necessary to employ a treatment process that can eliminate remaining CIP compounds (Vasconcelos et al. ; Rakhshandehroo et al. ) .
Advanced oxidation processes (AOPs) are recommended for wastewater constituents (such as pesticides or pharmaceuticals) that have high chemical stability and/or low environmental degradation. Considering the ability of cost-efficient ability when combined with biological processes (Pereira et al. ; Cho et al. ) . Most previous studies have only regarded the relationship between performance of the method and processing factors and have not addressed the combination factor in a multi-objective optimization of the responses. Therefore, this study focuses on a multiobjective optimization approach based on the grey Taguchi method.
Generally, experimental factors are set by empirical rules or trial and error method, which can be time-consuming and uneconomical. On the other hand, the Taguchi experimental design method only conducts optimization of a single quality response (Kuo et al. ) . Such studies have already been conducted utilizing the Taguchi method to optimize the Fenton process and electro-oxidation for removal of many organic contaminants from an aqueous The Taguchi method makes it possible to optimize the parameters to achieve optimal response by minimizing number of experiments, reducing costs, and providing robust solutions (Taguchi , ) .
However, when the response factors are more than one, the Taguchi method for optimization may give a different set of optimal levels for each response. Therefore, for more than one quality response, a multiple quality analysis method is required. In general, the grey Taguchi method is a highly effective and accurate approach because it emphasizes multiple responses or objectives. Today, many researchers have utilized this approach to analyze multiple quality response problems for different areas (Chen et It is worth noting that in previous studies, most researchers concentrated on evaluating AOPs for degradation of antibiotics using the Taguchi method for one or two responses independently. For example, Rasoulifard et al.
() showed that the optimized conditions for removal of cefixime trihydrate from aqueous solution in the resence of peroxydisulfate by the Taguchi method were observed at a temperature of 50 C, current intensity of 1,800 mA, drug concentration of 10 ppm, peroxydisulfate concen- 
METHODS

Chemical and reagents
In this study, analytical grade reagents were utilized in all experiments. CIP (98%) was purchased from a local provider, Temad Pharmaceutical Company, and distilled water was used as a solvent to prepare all solutions. Ferrous sulfate (FeSO 4 .7H 2 O), sulfuric acid (H 2 SO 4 (95-7%)), sodium hydroxide (NaOH), and hydrogen peroxide (H 2 O 2 (30%)) were all obtained from Merck, Germany.
The standard solution
The pharmaceutical antibacterial CIP, used to treat infections caused by bacteria, is an important contributor to the contamination of wastewaters (PubMed ). Stock solution of 500 mg/L was prepared every week by dissolving CIP in distilled water and was kept at 4 C. The chemical structure of CIP is shown in Figure S1 (available with the online version of this paper).
The overall structure of this research consists of three main steps: step 1: Taguchi's design of experiments (DOE); step 2: execution of the experiments, data collection, and examination; and step 3: multi-objective optimization of the process. A flowchart for the proposed methodologies to optimize CIP antibiotic removal based on the grey Taguchi method is presented in Figure 1 .
Homogeneous Fenton process
In recent years, AOPs have been used to reduce pollution caused by the presence of pharmaceutical residues in water, without discharging any secondary toxic contami- (1): calculated:
where COD 0 and COD f are initial and final CODs of the solution, respectively (WEF & APHA ).
In this study, a response called SIR is adopted due to its comprehensive concept ( 
The overall strategy for the responses of CIP and COD removal was the-larger-the-better, and for SIR it was thesmaller-the-better, which may be mathematically defined as follows ( (a) Larger-the-better/Higher-the-better
(b) Smaller-the-better/Lower-the-better
where y i and n are the observed response value and the total number of measurements, respectively. After experimental planning, experiments were performed to obtain experimental data from a combination of various orthogonal factors in an orthogonal array, and a response graph was generated.
To minimize the required experimental effort, Taguchi's L 16 orthogonal array was performed, and the corresponding results are shown in Table 2 . The Taguchi method was used to optimize factors and their levels via MINITAB ® software.
Higher CIP and COD removal rates and lower SIRs were considered as targets.
Multi-objective optimization using grey Taguchi
The grey Taguchi approach is a progressive form of the Taguchi method, which emphasizes the optimization of more than one output factor, rather than optimizing a single one (Kuo & Su , ) . The Taguchi method considers a set of different numbers for the input factors; it may consider an L 16 or L 9 orthogonal array depending upon the degree of accuracy desired. Taguchi design, as described by Antony () and Ross (), has found a larger use than any other conventional method. The stages of the grey Taguchi approach are as follows (Kuo & Su , ).
Step 1: Grey relational analysis is utilized to convert a multiple-response optimization problem into one with a single response (Julong , ) . This method provides approaches for analysis and modeling of systems for which the information is limited, imperfect, and/or ambiguous.
This objective function in the grey relational analysis should be normalized, as well as the generation of grey relations applied to the empirical data related to the responses; the results are used to obtain grey relational grades (GRGs) to rank each series of data.
Basically, grey relational analysis is widely applied to processes with multiple responses to find the optimum factor ( Julong ). The fundamental idea is to assign a certain grey grade to every factor. To apply this method, S/N ratios of response factors may be normalized in the range of 0 to 1. If the response is 'the-larger-the-better', then the original runs may be normalized as: Similarly, if the purpose is 'the-smaller-the-better', then the original runs may be normalized as:
where x i (k) is the grey relational generated value, min Á x (0) i (k) and max Á x (0) i (k) are the smallest and largest value of x (0) i (k), respectively, for the k th response.
Step 2: Grey relational coefficient is calculated to express the relationship between the optimal (best ¼ 1) and actual normalized results (Das et al. ) . The grey relational coefficient ξi(p) may be calculated using Equation (8): Step 3: Once the grey relational coefficients are determined, the overall grey relational grade is calculated using Equation (9). Generally, the higher the value of grey relational grade, the greater the desirability (Yeh & Tsai ):
where n is the number of output responses, w p is the weighting value for each grey relational coefficient, p, ranging from 0 to 1 with its sum being equal to 1. In the present study, equal w's (w 1 ¼ w 2 ¼ w 3 ¼ 0.33) were assigned as weighting factors for the response variables of CIP removal, COD removal, and SIR, respectively. 
RESULTS
Analysis of S/N ratio
As mentioned earlier, S/N ratio represents the ratio of a desirable to an undesirable value for output responses.
The S/N ratios for CIP removal, COD removal, and SIR using the homogenous Fenton process are shown in Tables S1 to S3 and Figures S2 to S4 , respectively (available with the online version of this paper). As shown in Table S1 , the highest S/N ratios are observed at level 1 for factor A, at level 2 for factors C and E, and at level 4 for factors B and D. Furthermore, factor A has the highest and factor C the lowest range of variations (delta and rank), respectively. Figure S2 shows the main effect plots for factors A to E (all on the same scale) in CIP removal obtained by MINI-TAB® software.
As shown in Table S2 , response values of S/N ratio for COD removal are slightly different than those for CIP removal. Here, the highest S/N ratios are observed at level 4 for factor A, at level 2 for factors B, D, and E, and at level 1 for factor C. However, similar to the case of CIP removal, factor A has the highest and C the lowest rank, with the highest and lowest range of variations (delta and rank), respectively. Figure S3 shows the main effect plots for factors A to E in COD removal obtained by MINITAB ® software. As shown, the plots are slightly different to the plots for CIP removal, generally having a wider range of variations for the factors.
Based on the results of S/N ratios for SIR (Table S3 ), the highest ratios are observed at level 1 for Factors C and E, at level 2 for factor A and E, and at level 3 for factors B and D. Factor C has the highest and factor B the lowest rank.
Obviously, experiments may be optimally performed at levels with the highest S/N ratios. Figure S4 shows the main effect plots for factors A to E in SIR obtained by MINITAB® software. As shown, the trend in the plots is very different to previous plots, reflecting the very different nature the of the SIR process compared to CIP or COD removal.
S/N and its normalized ratio for responses are both presented in Table 3 . As shown, runs number 14, 1, and 13 have the lowest S/N ratios (and zero normalized S/N) for CIP removal, COD removal, and SIR, respectively. These values may be converted into grey scale coefficients, where Grey relational coefficients with grey relational grade for each performance response are shown in Table 4 . As shown, experimental run 12 scores the highest grey relational grade and, consequently, may be considered as the best experimental setup to provide the best strategy for obtaining the optimal solution and satisfying the set multiple objectives, simultaneously. Generally, higher grey grades indicate closer to the optimal responses in the process.
Mean grey relational grades (GRG) at each level are shown in Table S4 for all factors. GRG values are represented graphically in Figure 2 . They are calculated by taking the average for each level group for process factors.
Since they denote the level of correlation between reference sequence and obtained sequence, higher values for mean GRG indicate stronger correlations between them.
The highest value indicates optimal level for the process factors.
As shown in Figure 2 , the highest GRG is observed at level 3 for factor A. However, it occurs at level 4 for factor B and at level 2 for factor C, D, and E. Overall, factor C has the highest, and factor D the lowest rank, meaning that the former has the best multiple performance quality (with a composition closest to the optimal point) and the latter has the worst. According to the graph (Figure 2) , the best combination of multi-objectives to meet all three targets simultaneously is A 3 B 4 C 2 D 2 E 2 . 
DISCUSSION
The ANOVA test for GRG is a statistical technique for analyzing the effect of design factors on responses. The results of ANOVA on the GRG values are shown in 
Confirmation test
Once the most influential factor is identified in the grey Taguchi method, the final phase would be to verify optimization results and to determine the improvement of responses. For this purpose, GRG at the optimal level of the design factors may be estimated as (Yeh & Tsai ) :
where γ c , γ m , γ i , and q are the estimated GRG, the total average GRG, the average GRG at the optimal level, and the number of design factors, respectively (five here).
Estimated GRGs and experimental values obtained from simulation at the optimum point are indicated in Table 6 . Generally, this table indicates that there is a The following conclusions may be drawn based on the above analysis:
(1) Multi-objective optimization results obtained using grey relational analysis shows that the optimal combination of the input factors are CIP concentration of 100 mg/L, H 2 O 2 concentration of 100 mM, Fe(II) concentration of 10 mM, pH of 3, and a reaction time of 15 min. (2) Based on the ANOVA for the GRG, Fe(II) concentration and H 2 O 2 concentration with contributions of 38.23% and 20.34%, respectively, were found to be the most influential factors for the chosen objectives of the highest CIP and COD removals, and the lowest SIR.
(3) The results of the confirmatory test showed that there is a significant progress in the multi-performance index GRG for experimental values. The Taguchi-based grey approach is an appropriate one to create the best possible solution for the set of input process variables, depending on the desired multi-performance characteristics.
(4) The largest max-min value was explored in the response table in CIP and COD removals. It is found that CIP concentration is the most significant factor among all involved process factors. 
